Full-consensus designed ankyrin repeat proteins were designed with one to six identical repeats flanked by capping repeats. These proteins express well in Escherichia coli as soluble monomers. Compared to our previously described designed ankyrin repeat protein library, randomized positions have now been fixed according to sequence statistics and structural considerations. Their stability increases with length and is even higher than that of library members, and those with more than three internal repeats are resistant to denaturation by boiling or guanidine hydrochloride. Full denaturation requires their heating in 5 M guanidine hydrochloride. The folding and unfolding kinetics of the proteins with up to three internal repeats were analyzed, as the other proteins could not be denatured. Folding is monophasic, with a rate that is nearly identical for all proteins (∼ 400-800 s − 1 ), indicating that essentially the same transition state must be crossed, possibly the folding of a single repeat. In contrast, the unfolding rate decreases by a factor of about 10 4 with increasing repeat number, directly reflecting thermodynamic stability in these extraordinarily slow denaturation rates. The number of unfolding phases also increases with repeat number. We analyzed the folding thermodynamics and kinetics both by classical two-state and three-state cooperative models and by an Isinglike model, where repeats are considered as two-state folding units that can be stabilized by interacting with their folded nearest neighbors. This Ising model globally describes both equilibrium and kinetic data very well and allows for a detailed explanation of the ankyrin repeat protein folding mechanism.
Introduction
Repeat protein architecture does not rely on interactions between residues that are distant in sequence (long-range interactions), but stabilizing and structure-determining interactions are formed within a repeat and between neighboring repeats. This special feature, the modular nature of repeat proteins, makes them fundamentally different from globular proteins and, thus, interesting for testing experimental and theoretical views that have emerged from the study of globular proteins. Moreover, since repeat proteins are the only class of proteins that can be extended in size while still constituting a contiguous domain, unique questions about how folding and stability change with the number of repeats can be asked.
Repeat proteins constitute, next to immunoglobulins, the most abundant natural protein classes specialized in binding. 1, 2 Ankyrin repeat (AR) proteins consist of repeating structural units (repeats) that stack together to form elongated nonglobular repeat domains. The AR is one of the most common protein sequence motifs. This 33-residue motif consists of a β-turn, followed by two antiparallel α-helices and a loop that reaches the turn of the next repeat 3 (see Fig. 1a ). Stability and kinetic folding studies of mostly natural AR proteins have been performed. The tumorsuppressor protein p16 6, 7 unfolds in a sequential manner; first, both N-terminal repeats unfold, followed by the two C-terminal repeats. Molecular dynamics simulations have been carried out to study this in more detail. 8 The tumor-suppressor protein p19 shows an equilibrium intermediate, as well as three folding phases. 9 In a more detailed kinetic study, an on-pathway intermediate was detected, as well as a suggestion for its structure was made using NMR hydrogen/deuterium exchange. 10 Similarly as observed for the p16 protein, both N-terminal repeats 1 and 2 unfolded first, while repeats 3-5 were still folded. When dissecting the Notch receptor ankyrin domain from Drosophila melanogaster, 11, 12 constructs from four to seven repeats were made, in which multiple repeats were deleted from either end or both ends, resulting in the finding that stability increased with repeat number. The longest construct has been used for kinetic folding studies, 13, 14 and it was found that refolding and unfolding kinetics are best described by a sum of two exponential phases.
Equilibrium and kinetic studies were also conducted with myotrophin, a small four-repeat AR protein. 15, 16 While the kinetics of the Notch ankyrin domain could be fitted by a sequential three-state model, myotrophin kinetics were assigned to a twostate model. Further analysis with single and double mutants showed that myotrophin follows parallel pathways, where folding is initiated either by the C-terminal repeat or by the N-terminal repeat. 17 All these studies showed that the folding of AR proteins is not simply a cooperative process, but intermediate states do occur. However, they have all been carried out with natural proteins containing repeats of different sequences and stabilities. Hence, many results only describe the particular protein under study, and they can only partially and qualitatively test the effects of protein length on kinetics and thermodynamics. In addition, they give no indication on the intrinsic properties of the consensus AR.
We therefore intended to examine the folding and unfolding of designed ankyrin repeat proteins (DARPins) with identical repeats as a function of repeat number. The consensus AR represents an "average structure" of all of the natural ARs and will eliminate properties that only come about with particular sequences of individual repeats. The DAR- 4 ) of NI 1 C and NI 3 C based on the structure of E3_5. 5 The colors are chosen to distinguish between the different repeats. The N-terminal repeat is depicted in orange, the internal consensus repeat is depicted in blue and the C-terminal repeat is depicted in green. The aromatic amino acids phenylalanine and tyrosine are represented as stick mode in red.
Pins can thus be considered as generalized examples for the study of AR protein folding. By characterizing the thermodynamic and kinetic parameters of these consensus proteins using circular dichroism (CD) and fluorescence spectroscopy, the dependence of stability, as well as of folding and unfolding rate constants, on repeat number was investigated. Moreover, we intended to gain mechanistic insight into the folding pathway of the three smallest proteins consisting of three to five AR repeats.
Results

Design of the consensus sequence
The "full-consensus" AR was based on a repeat module designed previously for a library of DARPins. 18 In the previous work, 7 out of 33 amino acids were allowed to vary in order to bind to target molecules. While the 26 fixed residues of the library repeat module were used without changes in the present study, defined residues had to be assigned to the six randomized potential interaction residues (positions 2, 3, 5, 13, 14 and 33) (Fig. 1a) and to the remaining randomized framework residue (position 26). For this purpose, we used the consensus analyses of sequence and structure described previously. 18 Positions 2 and 33 were defined as lysines, since this was the most frequent amino acid in these positions in our alignment (position 2: Lys, 19%; Arg, 13%; Asn, 13%; Ser, 12%; position 33: Lys, 21%; Arg, 16%; Gln, 16%) and since both were found in unselected library members, indicating their suitability to support the fold. 18 Position 3 was defined as aspartate, since it is one of the most frequent amino acids in this position in our alignment (Asn, 22%; Asp, 19%; Glu, 15%). It was preferred to Asn, as the negative charge might better compensate for the high number of positive charges introduced by the two lysines at positions 2 and 33. Position 5 was defined as tyrosine, in order to introduce one chromophore per consensus repeat for fluorescence measurements and since tyrosine and other large residues are most frequently found in this position in our alignment (Leu, 16%; Tyr, 14%; Phe, 13%; Arg, 12%; Trp and Asn, 9%). We chose glutamate for position 14 due to its most frequent occurrence (Glu, 22%; Asn, 13%). Even though arginine is not the most frequent amino acid in our alignment at position 13 (Gln, 22%; Lys, 19%; Arg, 18%), positively charged residues, when taken together, are most abundant. The first α-helices of each AR are in close proximity in juxtaposed repeats, and thus arginine should compensate for the negative charge of position 14. In addition, arginine has a high α-helical propensity. 19 The framework position 26 was defined as alanine, since this is the most frequently found residue in this position (40%) and since it could successfully be used repetitively for a previous full-consensus design. 20 The resulting consensus sequence is shown in Fig. 1a .
When comparing the full-consensus AR proteins investigated here with those described earlier, 20 the most important difference is the presence of capping repeats, which are identical with those we have published earlier 18 for our library. These appear to be essential for correct folding in vivo and full reversibility of folding in vitro at neutral pH. 21 Additionally, our sequence of the "internal" repeats is different in several positions from that of Mosavi et al. 20 In our numbering scheme 3, 18 (cf. Fig. 1a ), we start with the β-turn; thus, our position 3 corresponds to position 1 of the sequence from Mosavi et al. (see Supplementary Fig. 1 ). 20 At position 3, we have introduced Asp for reasons described above, while Mosavi et al. used Asn. Our chromophoric Tyr at position 5 was Arg in their work; at position 14, we used Glu instead of Asn for reasons described above. Four additional differences are in helix 2, which are "framework" positions already defined previously. 18 In position 19, Ile had been chosen (instead of Val) in our work because of its higher helical propensity; in position 21, Glu had been chosen (instead of Lys) because of its occurrence in the structure of GABPβ1; in position 22, Val had been chosen (instead of Leu) for the same reason; and, in position 25, Lys had been chosen (instead of Glu) for its opposite charge to Glu21.
The resulting protein designed here shows an almost perfectly alternating pattern of surface charges, as shown in the crystal structure of NI 3 C, 22 and may help to partially explain the unusually high stability of these full-consensus AR proteins.
Construction, expression and characterization of full-consensus DARPins
The full-length proteins were termed NI 1 C-NI 6 C, where I represents the full-consensus repeat, the subscript represents the number of identical fullconsensus repeat modules, and N and C correspond to the N-and C-terminal capping repeats (resulting in proteins with three to eight repeats in total). The capping repeats differ slightly from the full-consensus repeat in size and sequence (Fig. 1a) and have a hydrophilic surface. The C-capping repeat has been examined in detail. 21 The protein sequence of NI 3 C and the model structure of NI 1 C and NI 3 C are shown in Fig. 1 .
The six proteins were expressed in Escherichia coli in soluble form. Purification was done by immobilized metal-ion affinity chromatography. Gel filtration with multiangle light scattering [NI 1 C: measured molecular mass, 12 kDa (expected molecular mass, 10.8 kDa); NI 2 C: 14.9 kDa (14.4 kDa); NI 3 C: 17.4 kDa (17.8 kDa); NI 4 C: 22.4 kDa (21.4 kDa); NI 5 C: 25.8 kDa (25 kDa); NI 6 C: 27.8 kDa (28.5 kDa)] showed that the proteins were monomeric and had the correct size. SDS-PAGE analysis confirmed their purity, and mass spectrometry (data not shown) confirmed their correct composition and lack of degradation. The CD spectra of the six proteins are superimposable on the spectra of natural and other designed ankyrin proteins (data not shown).
Guanidine-hydrochloride-induced equilibrium unfolding
The denaturation of the six full-consensus DARPins NI 1 C-NI 6 C was monitored using both CD at 222 nm and tyrosine fluorescence. The stabilities increase with increasing repeat number, and this is observed both in guanidine hydrochloride (GdnHCl)-induced unfolding (Fig. 2) and in temperatureinduced unfolding (Fig. 3) . In GdnHCl-induced unfolding, we observe that only NI 1 C, NI 2 C and NI 3 C can be unfolded (defined by the disappearance of the CD signal at 222 nm), while the longer proteins (NI 4 C-NI 6 C) can only partially be unfolded. NI 4 C reaches a major, but not completed, transition (loss of about 50% of the initial signal) at 8 M GdnHCl. All proteins from NI 3 C to NI 6 C show a small transition at around 4 M GdnHCl (see below).
The CD data, which show a single transition midpoint for NI 1 C and NI 2 C, can be described by a two-state model (Eq. (1)), which, of course, does not prove a fully cooperative system (see below). NI 3 C, for which two transitions are visible, is best described by a sequential three-state model (Eqs. (3)- (9) ). The first transition at 3.7 M GdnHCl would correspond to N ⇌ I, and the second transition I ⇌ U occurs at 5.6 M. This second CD transition coincides with the single fluorescence transition (Fig. 2b and c) . We interpret this equilibrium intermediate as one in which the C-terminal capping repeat has unfolded 21 (see below). It appears that NI 4 C, NI 5 C and NI 6 C also show this intermediate but do not denature further.
We also measured the GdnHCl-induced transitions by tyrosine fluorescence. Although the tyrosine residues are not in the hydrophobic core and the nature of the change in fluorescence signal during the unfolding transition is not completely clear, we could observe unfolding transitions with tyrosine fluorescence. The unfolding curves show a single transition (Fig. 2b and c) to lower fluorescence at about the same GdnHCl concentration as the main CD transition and a steep slope of the pretransition and posttransition baselines (Fig. 2b) whose origin is currently not clear.
The thermodynamic parameters calculated for the only three proteins that can be fully unfolded, which are summarized in Table 1 , were analyzed by a classical cooperative folding model. The m value measured for the almost globular NI 1 C (m = 2.6 ± 0.2 kcal mol Table 1 . The protein concentration was 10 μM. This already suggests that, despite the fact that only one transition can be seen, the protein is not well described by a fully cooperative two-state model as typical for small proteins.
In a separate study, 21 we have shown experimentally that the small transition of NI 3 C at about 4 M GdnHCl is consistent with a selective denaturation of the C-terminal capping repeat, whose different sequence, shorter C-terminal helix and fewer interrepeat interactions may explain this phenomenon. Molecular dynamics calculations are also consistent with this interpretation. 21, 24 In a different study, where consensus ARs were introduced between repeats 5 and 6 of the Notch AR domain, an equilibrium intermediate has been found as well. This intermediate disappeared when removing the C-terminal repeats 6 and 7. 25 For the bigger proteins, evidence for some soluble aggregate formation was found at the highest GdnHCl concentration. This could be detected by measuring light scattering with a fluorimeter by recording the emission of light at 360 nm as a function of GdnHCl. Some onset of scattering was observed for NI 4 C, NI 5 C and NI 6 C at 6-7 M GdnHCl, while no detectable aggregates were formed for NI 3 C under these conditions (data not shown). NI 3 C appeared to be fully denatured under these conditions (see Fig.  2a ), and it is thus not the denatured species that partially aggregates. Taken together with the fact that the CD signal hardly changes for the larger molecules, this suggests that the unfolding of the C-terminal capping repeat no longer protects the molecules from some form of soluble aggregate formation at very high GdnHCl concentrations and that essentially native-like species (devoid of the solubilizing Cterminal capping repeat) start to associate under these conditions, somewhat reminiscent of a salting-out effect of native proteins. It is possible that these native-like species stabilize each other during this process (see below). Note that the design of even more stable C-terminal capping repeats has been successfully undertaken. 21 Ising model describing the stability of full-consensus DARPins Besides classical cooperative two-state or threestate folding models as described above, we have also analyzed the folding of the full-consensus DARPins by an Ising model. Briefly, this model does not assume a cooperative folding of the whole protein, but considers every repeat as an individual folding unit. The free energy of each repeat is assumed to be linearly dependent on denaturant concentration, characterized by an m value, while the interaction energy between neighboring repeats is considered to be constant, as long as both are folded. Similar models have been proposed previously for the study of repeat proteins. 11, 26 Because of the different stabilities of the capping repeats, we had to use a model that includes them as a separate unit with different ΔG 0 and m values. Even though we had found experimental evidence, triggered by molecular dynamics simulations, 21, 24 that it is the C-terminal capping repeat that denatures at the lowest denaturant concentrations, we do not know whether the N-terminal capping repeat is also of somewhat lower stability than the internal repeats. To keep the model as simple as possible, we therefore considered both N-terminal and C-terminal capping repeats as having the same ΔG 0 , which is lower than that of the internal repeats. This was done as the fits were significantly better (data not shown) than treating only the C-terminal capping repeats separately.
The Ising model, as used here, thus contains five parameters (see Eqs. (18)- (21) in Materials and Methods) describing all repeat proteins: the coupling energy J between repeats, the free energy of an isolated repeat ΔG 0 , its denaturant dependence m, the free energy of isolated capping repeats ΔG 0 ′ and their denaturant dependence m′. To determine these parameters, the equilibrium denaturation data of NI 1 C, NI 2 C and NI 3 C, as measured by CD (Fig. 2) , were globally fitted to Eq. (21), as shown in Fig. 4 . This approach assumes that the CD signal is proportional to the number of folded repeats across the whole population, rather than, as in a two-state model, to the percentage of molecules with all repeats folded (for details, see Materials and Methods). The determined parameters of the Ising model are summarized in Table 2 .
According to the Ising model, besides the completely folded and completely unfolded configurations, partially folded states are also populated. Figure 5a summarizes the most important possible Table 1 . Thermodynamic parameters for GdnHCl-induced and thermal unfolding of the proteins NI 1 C, NI 2 C and NI 3 
3.7/5.6 1.7 ± 0.9/3.0 ± 0.6 19.7 ± 4.6 -- states for NI 1 C, NI 2 C and NI 3 C, where one to four repeats are folded. Note that any folded repeats will always be adjacent, as the population of other states is insignificant. In addition, a lower free energy is obtained if the folded states are all internal than if they include a capping repeat. The free energy of the states of the protein as a function of the GdnHCl concentration [D] (Fig. 5b-d ) provides a coherent interpretation of the experimental data. According to this model, the configurations with only one repeat folded are those maximally unstable at any denaturant concentration, as the free energy of folding only one repeat is always unfavorable, and no stabilization from interaction with the neighbors can be provided. Indeed, isolated single ARs were experimentally found not to be stable. 20 This state with exactly one repeat folded thereby separates the two regions of minimal free energy, corresponding to the unfolded states on one side and the folded states on the other side (Fig. 5b) .
At zero (or low) denaturant, the most stable state is, as expected, the one in which all repeats are folded. At high denaturant, for the three proteins shown here, the most stable state is the one in which all repeats are denatured, also as expected. However, at high denaturant concentration, the most stable among the native states are those with one and/or both unfolded terminal repeats but folded internal repeats. Thus, under highly denaturing conditions, these states become more stable than the completely folded configuration for all the DARPins examined with this model ( Fig. 5c and d). In other words, the model predicts a denaturantdependent shift of the most stable state in the native free-energy basin. This behavior results in an overall nonlinear dependence of the stability ΔG L (D) on [D] , that is, the free-energy difference between the most stable conformer in the native basin and the unfolded state ( (Table 3) . We report these to allow a comparison with standard two-state fits of the data (even if these are only possible for NI 1 C and NI 2 C) ( Table 1 ). In Table 3 , predicted transition midpoints and stabilities at 0 M GdnHCl are also reported. In the Ising model, the stability at 0 M GdnHCl depends linearly on the number of repeats L. In the homogeneous Ising model (all repeats are identical; not shown here), the m L value is also linear with the number of repeats. Because of the presence of terminal repeats of different intrinsic stabilities in the model presented here, m L tends to be linear only for large L (L ≥ 5), where the relative influence of the terminal repeats becomes smaller. A direct comparison of model predictions with experimental data for NI 4 C (Fig. 4d ) and larger constructs (Table 3) shows that the model apparently underestimates the stability of these proteins. This led us to propose a possible hypothesis for the discrepancy. The long constructs, at high denaturant concentration, have unfolded terminal repeats, according to the Ising model, but are otherwise still essentially folded and may be stacking together due to the now-exposed hydrophobic surfaces at the edge of the consensus repeats. These elongated complexes are more stable than the monomeric molecule because of their larger effective length. As reported above, light-scattering experiments confirmed that the DARPins NI 4 C-NI 6 C begin to form soluble aggregates at high denaturant concentration. The presence of such soluble, essentially nativelike, aggregates might explain the discrepancy between the predictions from the Ising model and the experimental data for the large constructs. Further experiments outside the scope of the present work will be needed to confirm the exact nature of the species giving rise to increased light scattering at very high GdnHCl concentrations.
Thermal stability
The thermal unfolding of all six proteins was monitored by the change in CD signal at 222 nm (Fig. 3) . The NI 1 C transition is sigmoidal with a midpoint T m = 60°C. Melting of NI 2 C was not complete, but T m can be estimated to be 90°C ( Table 1) . The bigger proteins, NI 3 C-NI 6 C, could not be thermally unfolded at all. Melting was only possible by heating them in 5 M GdnHCl or by heating them in a buffer of pH 3.5 (data not shown). Only by using these unusually strong denaturing conditions could the proteins NI 3 C, NI 4 C, NI 5 C and NI 6 C be unfolded (Fig. 7) . For NI 3 C and NI 4 C, the pretransition . Each box represents a state, and its color indicates its free energy at the GdnHCl concentration of the plot. States with the same number of contiguous folded repeats are arranged vertically in the figure and ordered, from bottom to top, such that the configurations with folded repeats that include the N-terminal repeat are represented by the lower boxes, those with a C-terminal folded repeat are represented by the upper boxes and those with only consensus (middle) repeats folded are represented by the middle boxes. At 0 M GdnHCl (c), as expected, the state with all the repeats folded is the most stable, while at 6 M (d), the most stable state is the completely unfolded one, but another one that is almost as stable coexists in the native free-energy basin, which has three central repeats folded and the terminal repeats unfolded. The blue pathway contributes to the slowest phase, while the green pathway may give rise to a faster phase. All of the pathways have to progressively cross the diagram from right to left, losing a single (i.e., not more than one) folded repeat at every step.
baselines start at values that are significantly below the value of 100% native protein, as these proteins are already partially denatured in 5 M GdnHCl at room temperature (see also Fig. 2a ). The transition midpoints T m in 5 M GdnHCl were approximately 56°C for NI 3 C, 76°C for NI 4 C, 88°C for NI 5 C and approximately 96°C for NI 6 C. The melting was only 70% reversible, as judged from the recovery of the CD signal after cooling, and the thermal denaturation could thus not be used to derive ΔG values. This experiment underlines the extraordinary stability of the proteins. We believe that the consensus design, 18 which has "idealized" the protein structure by introducing many critical interactions in every single repeat, combined with the choice of the residues in the previously randomized positions (see above), which lead to a "checkerboard" arrangement of charges, 22 with maximization of attractive interactions, contributes to this high stability.
The experiment in Fig. 7 also shows that the distances between the T m values of NI 3 C-NI 6 C decrease with increasing repeat number. A dependence of stability on length has also been observed for other consensus repeat proteins 25, 27 and dissected versions of the natural Drosophila Notch receptor. 11 However, such an enormous stability increase has not been observed yet.
Unfolding and refolding kinetics of NI 1 C, NI 2 C and NI 3 C Since only the shorter AR consensus proteins could be denatured at room temperature, the folding and unfolding kinetics of the DARPins NI 1 C, NI 2 C and NI 3 C were studied as a function of denaturant concentration and are represented as chevron plots. The folding and unfolding rates were determined by monitoring the changes in ellipticity at 225 nm after dilution out of, or into, GdnHCl at 20°C using a stopped-flow instrument. Slow reaction phases (N 100 s) were recorded by manual mixing.
It is immediately apparent that the folding rates are equally fast for all proteins, while the unfolding rates are slow and get slower with increasing numbers of repeats (Fig. 8a) .
All kinetic traces of NI 1 C (folding and unfolding) could be fitted to a single exponential function (Eq. (10)). While NI 2 C refolding was monophasic, NI 2 C unfolding was fitted to a double exponential function (Eq. (11)) representing two unfolding phases, with amplitudes decreasing from 70% to 10% with GdnHCl concentration for the slow phase and increasing from 30% to 90% for the fast phase. Both unfolding phases were recorded after fast mixing, and the slower unfolding phase was also confirmed by manual mixing. NI 3 C refolding was monophasic, too, while the unfolding reaction could be divided into three phases (triple exponential). The slowest unfolding phase was recorded by manual mixing (60% of the total amplitude), while both fast unfolding phases were recorded by fast mixing (together 40% of the total amplitude: 30% for the faster phase and 10% for the slower phase). Representative kinetic traces of NI 2 C and NI 3 C are shown in Supplementary Fig. 2 . In addition to the Fig. 6 . Stability as a function of GdnHCl for the six consensus DARPins of different lengths, as obtained by the Ising model. Stability is defined as the energy difference between the lowest energy state among the folded ones (at the corresponding denaturant concentration) and the lowest energy state among the unfolded ones, which is the state with all repeats unfolded. This quantity plotted equals the difference between the activation free energy of unfolding and the activation free energy of folding, as determined from the barrier heights in Fig. 5b . Fig. 7 . Thermal melting of NI 3 C, NI 4 C, NI 5 C and NI 6 C in the presence of 5 M GdnHCl. The proteins NI 4 C-NI 6 C can only be denatured by elevated temperatures in 5 M GdnHCl. The stabilities of NI 4 C, NI 5 C and NI 6 C can be distinguished qualitatively, but due to nonreversibility, no thermodynamic parameters can be calculated. CD data discussed above, folding kinetics have also been measured by tyrosine fluorescence (data not shown). While folding rates were found to be very similar, the fastest unfolding phase of NI 3 C was 3-fold faster, suggesting that, in this case, loss of tertiary structure precedes loss of secondary structure. In the unfolding of NI 2 C, however, all rates measured by CD and tyrosine fluorescence were found to be very similar. Plotting the fitted rates as a function of denaturant concentration revealed clear deviations from the classical V-shaped two-state chevron plot for all proteins. NI 1 C unfolding and refolding are monophasic, but the unfolding limb exhibits a curvature (Fig. 8a) . This curvature is even more pronounced at a lower temperature (5°C; data not shown). One way to explain this behavior in a classical framework is to assume a sequential three-state model with a metastable high-energy intermediate. 29 In this model, the metastable intermediate is not populated enough to cause a second observable folding or unfolding phase, but it does influence the denaturant dependence of the unfolding rate. Such a behavior can be seen in the nonlinear slope of the unfolding limb of the NI 1 C chevron plot. Another curved chevron plot has also been found for the ankyrin protein myotrophin 16 that consists of one repeat more than the DARPin NI 1 C. NI 2 C kinetics are monophasic in the refolding limb, while the unfolding reaction is best described by a double exponential (Supplementary Fig. 2 ). The NI 2 C unfolding limb of the slower unfolding phase shows a curvature, too. The NI 2 C chevron plot could be well fitted by a sequential three-state model (Eq. (12) ), where the unfolding intermediate state is more populated than for NI 1 C and appears to be formed before reaching the fully unfolded state (on-pathway intermediate). Therefore, a second kinetic unfolding phase is observed (Fig. 8a) .
Two unfolding phases were also found for the Notch ankyrin domain with seven ARs. 13 However, the Notch ankyrin domain also reveals a second refolding phase, which has been attributed to prolyl isomerization in the unfolded state, and that protein is much less stable and folds much more slowly than the DARPin NI 2 C, which is three repeats shorter and has only a single folding phase. The Notch domain Nank1-7Δ has four trans-prolines and one disordered proline, while the tumor-suppressor protein p19 has even seven trans-prolines. In contrast, NI 1 C has one trans-proline, NI 2 C has two trans-prolines and NI 3 C has only three trans-prolines. The bigger number of proline residues in the Notch domains might explain why slow folding phases were detectable, while they were not detectable in our case.
The kinetics of NI 3 C are more complex: the refolding reaction is again monophasic as observed for NI 1 C and NI 2 C, while unfolding was separated into three phases (two phases monitored by stopped-flow mixing, one phase observed by manual mixing). A three-state model is not able to describe such complex kinetics, and models with more than three states are very difficult to apply Fig. 8 . Chevron plots of NI 1 C, NI 2 C and NI 3 C, and prediction of the kinetics by the Ising model. (a) Experimental chevron plots of NI 1 C, NI 2 C and NI 3 C at 20°C, followed by CD spectroscopy. The left limb corresponds to the GdnHCl-dependent rate constants for refolding, and the right limbs correspond to the unfolding rate constants. The lines represent the best fit to the data using the kinetic on-pathway intermediate three-state model. 28 The rate constants are summarized in Table 4 . (b) Theoretical chevron plots of NI 1 C, NI 2 C and NI 3 C (lines) obtained by using the height of the folding/unfolding barriers from Fig. 5b to estimate the folding and unfolding rates and their dependence on GdnHCl and protein length. The preexponential factor a has been chosen as a = 1.3 × 10 5 s −1 exp(−1.15 [D] ) to best match the experimental data in the chevron plot [superimposed in the figure as symbols; same data and symbols as in (a)]. (c) Graphical explanation of the procedure used to obtain the height of the folding or unfolding barriers using the data from Fig. 5b . We show, as an example, the NI 3 C free-energy profile at 4 M GdnHCl, where the activation free energy for folding is 7 kcal mol −1 . Substituting this number into the formula for the rate k = a exp(−ΔG ‡ /kT) with the preexponential factor a at 4 M GdnHCl, we obtain the rate that was then plotted in (b) for NI 3 C at 4 M GdnHCl. quantitatively as they exhibit too many parameters, making a converging fit very difficult.
The kinetic data thus indicate a more complex model than the two-state model for NI 1 C and NI 2 C. In contrast, the equilibrium data can be fitted well to a two-state model, and there was thus no hint for a deviation from that fit alone. We therefore also report the ΔG 0 and m values calculated from kinetics (Table 1 ) using the four rate constants k ij according to the sequential three-state model. A global fit to both kinetic and thermodynamic data of NI 1 C and NI 2 C using the three-state model (with metastable and stable intermediates, respectively), which fits the data well, gives values rather similar (data not shown) to the ΔG 0 values derived from kinetics alone ( Table 1) . We assume that this similarity is largely an effect of the kinetics dominating the parameter fit, since equilibrium measurements offer looser constraints on the parameters of the model than kinetic data because of the additional degrees of freedom provided by the choice of the baselines. However, even the kinetics themselves do not fully determine all the parameters of the three-state model, as some of them are also rather insensitive to the global fit, as can be seen by the size of some of the error margins in Table 4 . In summary, when incorporating all observations, these proteins are not consistent with a two-state system. Instead, their folding behavior is consistent with three-state models, even if some of their parameters remain rather poorly constrained, resulting in significant error margins.
The kinetic parameters of NI 1 C, NI 2 C and NI 3 C are summarized in Table 4 . The first important observation is that the folding rates do not vary much between all three proteins. Folding is monophasic, and the folding process thus needs to cross essentially the same transition state, independent of the number of repeats in the protein. This is intuitively appealing, as it suggests that a very small number of repeats, in the simplest case one, must be folded in the transition state, which is common to all proteins investigated here.
In sharp contrast, the unfolding rates decrease tremendously (a factor of 10 4 from NI 1 C to NI 2 C and from NI 2 C to NI 3 C) with increasing repeat number. In order to compare the folding and unfolding rates of the three proteins, the refolding rate and the slowest unfolding rate of NI 3 C were used. With the longer proteins, this unfolding rate could not be measured, as they do not fully denature at all under these conditions, as explained above. 4 C, NI 5 C and NI 6 C would even be predicted to be a factor of 10 8 slower for each repeat added, but, of course, we have no possibility to test the validity of these extrapolations at this point. The stability is thus directly reflected in their (predicted) half-lives in native buffer. As the folding rate is certainly not slow and does not vary between the three proteins, the very slow denaturation rates are thus a direct reflection of the very low free energy of the folded state, which raises the barrier to unfolding correspondingly.
Folding and unfolding pathways according to the Ising model
In experiments probing the kinetics of folding and unfolding, the proteins are expected to follow the minimum free-energy pathways, connecting the initial state with the equilibrium state under the new conditions (i.e., under different denaturant concentrations). The Ising model allows for the reduction of a complex protein folding problem into a simple reaction occurring between a finite set of states. In this simplified conformational space, the slowest relaxation rate is determined by the largest free-energy barrier found along the minimum freeenergy pathway connecting the initial state and the final state. Given a number of folded repeats, the Ising model assigns the minimum free energy (i.e., the maximal probability of being occupied as computed by Eq. (19) ) to the state where the folded repeats are contiguous. Assuming that the repeats fold and unfold one at a time, according to the Ising model, the largest barrier between the fully folded state and the fully unfolded state corresponds to the state with a single repeat folded (Fig.  5b) . From the height of the free-energy barrier separating the folded state from the unfolded state, it is possible to obtain folding and unfolding rates by providing a valid preexponential factor † (defined by an intercept and denaturant dependence) (Fig. 8c) . In the present case, by choosing a preexponential ) at 20°C, extrapolated to native buffer, were obtained by fitting a sequential three-state model with on-pathway intermediate. 28 k f 0 (Eq. (16)) and k u 0 (Eq. (17)) of NI 1 C and NI 2 C were calculated from the fitting parameters k UI 0 , k IU 0 , k IN 0 and k NI 0 . † The preexponential factor is the parameter a in the formula connecting the folding rate to the activation free energy: k = a exp(− ΔG ‡ /kT).
factor of a = 1.3 × 10 5 s − 1 exp(− 1.15 [D] ), it is possible to draw a chevron plot for the slowest relaxation rates, using the height of the folding/unfolding barriers in Fig. 5b as activation free energies ΔG ‡ (Fig. 8b) . The model captures the bending of the unfolding arm of NI 1 C and NI 2 C. The distance between the unfolding arms of the different proteins is also predicted quite accurately.
It may be worth underlining that this is not a conventional fit of the slowest kinetic traces of the proteins. Here, only the data from the equilibrium denaturation curves have been fitted using the Ising model, and the latter has been used to derive the kinetic properties using no additional parameters apart from the preexponential factor and its denaturant dependence. The preexponential factor, in this case, includes information on the rate of structure formation/structure loss of a single repeat. This term depends on denaturant concentration. This information is not present in the equilibrium data and thus has to be provided separately. The two parameters describing the preexponential factor are the minimal set of data needed to translate the height of the freeenergy barriers of the Ising model into rates. Indeed, visually, the choice of the two parameters defining the preexponential factor is made by superimposing a straight segment of the folding arm of one of the theoretical chevron plots to the corresponding experimental data by suitably adjusting these two parameters. All the other features of all the chevron plots are then fixed. That means that the transition midpoints, the kinetic m U values and the location (on the [GdnHCl] axis) and size of the change in m values of all the chevron plots are fixed once the folding arm of a single chevron plot is fixed. The Ising model preexponential factor, which reports the rate of structure formation/structure loss of the single repeat, at 0 M GdnHCl provides a lower boundary for the classical folding preexponential factor known from the literature (p. 558 of Fersht 30 ), which reports the speed of diffusion at the top of the free-energy barrier.
The discrepancies found with the experimental kinetic data for NI 3 C at high denaturant concentration might be related again to transient "salting-out" phenomena that slow the complete unfolding of the protein. The high consistency of data interpretation provided by the model is summarized below.
Discussion
The folding behavior of a series of six fullconsensus DARPins has been analyzed by experimental thermodynamic and kinetic experiments. We examined the dependence of stability on repeat number, as well as the correlation between the folding and unfolding rates and the repeat number. Moreover, we propose a description of the folding mechanism of the three full-consensus DARPins NI 1 C, NI 2 C and NI 3 C using two different models, which also allow us to predict the behavior of other members of this series of proteins.
Consensus DARPins are very stable proteins
The first observation is that our consensus design yielded extremely stable proteins. Equilibrium experiments showed that adding repeats increases the thermodynamic stability of the proteins, and, with NI 6 C, an ankyrin protein with eight repeats, we still have not reached a stability limit, as judged from the distances between the T m in 5 M GdnHCl. The proteins NI 4 C, NI 5 C and NI 6 C, which are not completely denaturing as judged from their CD signal but show an increase in light scattering at 6-7 M GdnHCl, may associate via the exposed interface after one or both caps have denatured. 21 This soluble aggregate state of quasi-native proteins may provide the proteins with an even larger stability than the monomeric state. Experimentally, neither high temperature nor 8 M GdnHCl is able to unfold them. Only by combining heat and GdnHCl could we unfold these molecules and distinguish their stabilities. The stability increases with increasing repeat number; however, due to the extremely high thermodynamic stability and the inability to fully denature the larger proteins (Figs. 2 and 7) , it is difficult to quantitate this for the whole series.
In Fig. 7 , it is apparent that the distances between the main transition midpoints become smaller with increasing repeat number. This raised the question as to whether we can calculate the equilibrium parameters for NI 4 C, NI 5 C and NI 6 C, as well as a maximal asymptotic denaturation midpoint of DARPins NI x C with large x. Calculations using the Ising model provide theoretical values for the large DARPins (for NI 4 C, NI 5 C and NI 6 C, see Table 2 ). However, these values, being the product of an extrapolation process, should be considered as only indicative. The assumed linearity of both stabilities and m L for large repeat numbers L (see Results) leads to an asymptotic value for the transition midpoint of the repeat proteins. In the case of the DARPins, this value (∼ 11 M GdnHCl) is well above the experimentally accessible range.
Unfolding rates decrease enormously with increasing repeat number
Second, we analyzed the dependence of the folding and unfolding rates on the repeat number. The dependence of the stability on the number of repeats is thus determined by a change in the unfolding rate, while the refolding rates of all three proteins are very similar (Table 4) . At the molecular level, we imagine the following: in a molecule with many repeats, repeat interactions broken during unfolding by fluctuations will usually reseal and reanneal, since the remaining folded fragments do not denature. Only if the remaining folded fragment is small (consisting of one or two repeats) will it denature. The more repeats there are in the molecule, therefore, the less likely it will generate folded fragments that are small enough to continue complete denaturation. In the case of NI 3 C, we have two strong interactions by the three highly compatible full-consensus interfaces (Fig. 1) ; in NI 1 C, there is none; and, in NI 2 C, there is only one such strong interaction. This explains the decrease of k u with repeat number and the very slow unfolding rate of NI 3 C.
In the language of Φ-value formalism, 30 the addition of repeats would be assigned a formal value of 0 for the folding reaction, as this addition would not change the transition state in folding but would only contribute interactions on the native side of the transition state. This formalism only conceptualizes the role of the additional repeats in stabilizing the native state, but of course makes no statement about the nature of the transition state within a single repeat.
Interpretation using classical cooperative folding models
None of the studied proteins can be interpreted using the classical two-state model of protein folding as the chevron plots exhibit nonlinearity in the unfolding limbs and, for the larger proteins, a multiphasic behavior. This can be treated by a formalism, 28 according to which folding proceeds through transiently populated and partially folded intermediates that are separated by major freeenergy barriers along a reaction coordinate. The intermediates can be considered as local minima between the global minimum of the native state and the ensemble of unfolded states. The simplest case for such complex kinetics is the sequential threestate mechanism with folding through an on--pathway high-energy intermediate. 29 When several kinetic phases can be detected, the intermediate state is more populated. In our case, we have three states: N, U and an on-pathway intermediate I. 28 The rates of NI 1 C are all monoexponential, yet due to the curvature in the unfolding limb, we have to assume a deviation from a simple two-state model for this protein as well. Indeed, the data can be fitted using a sequential three-state mechanism with highenergy intermediate. Consistent with these results, differential scanning calorimetry experiments revealed a deviation of an NX 1 C library member from a two-state model at a higher temperature, while in the kinetic unfolding at 5°C, no intermediates were detected.
31 NI 2 C can also well be fitted to the onpathway three-state mechanism, with the intermediate being more populated than in NI 1 C. The kinetics of NI 3 C, however, are even more complex as we detected three separated phases for unfolding. This can no longer be quantitatively fitted, as there would be too many parameters.
Interpretation using an Ising model
According to a second model, based on the classical one-dimensional Ising chain, the DARPin constituent repeats can fold independently and interact via nearest-neighbor coupling. The model provides a very good fit to the equilibrium denaturation data (Fig. 4) and an appealing rationalization of the kinetic experiments. Namely, the model fitted only on equilibrium data offers a prediction for the free energy of partially unfolded states (Fig. 5) that allows for the drawing of a chevron plot for each DARPin (Fig. 8b) . The theoretical chevron plot is in good agreement with the experimental data and provides a validation for the Ising model of the DARPins. This model, in fact, provides a comprehensive explanation for some experimental data summarized in the following.
The Ising model fitted to DARPins predicts that the activation free energy of folding is practically the same for all the proteins, irrespective of their length (Fig. 5b) : after the nucleation step, provided by the folding of one of the consensus repeats, the other repeats condensate on this folding nucleus. In the same way, according to the Ising model, the activation free energy of unfolding increases with the number of repeats because any folded repeat added to the folding nucleus provides a further decrease in the free energy of the native state of the molecule (Fig. 6) . The kink in the slowest unfolding limb of the chevron plot of NI 1 C and NI 2 C is ascribed to the stabilization of partially unfolded states, with one (for NI 1 C) or two (for NI 2 C) terminal repeats unfolded (Fig. 5b) . In other words, while the transition state remains the same as [D] increases, the most stable conformer in the native free-energy basin changes with [D] , causing changes in the major unfolding free-energy barrier.
In more detail, the appearance of multiple phases in the unfolding arm of the chevron plots of NI 2 C and NI 3 C could be explained by several mechanisms. One possibility that is very plausible in the classical model is that the fast phases may correspond to the fast unfolding of the less stable terminal repeats at high GdnHCl concentration. This rate is limited by the intrinsic rate of the structure disruption of the terminal repeats. A further splitting of the observable phases may be caused by the different natures of the N-and C-terminal repeats. 21 In principle, multiple pathways may exist from the fully folded state to the fully unfolded state, some of which may not reach the lowest energy intermediate with the unfolded termini. It would be difficult, however, to determine the relative amplitudes of such pathways using the classical model.
In contrast, in the Ising model, we obtain an energy landscape as a function of GdnHCl. This landscape predicts an intermediate with the C-cap and the N-cap unfolded at 6 M GdnHCl for NI 3 C (Fig. 5d) . The slowest of the three unfolding phases of NI 3 C at 6 M GdnHCl (Fig. 5d) has been thus associated with the pathways passing through these most stable intermediates (three central repeats folded; state in dark brown), while the two fast phases may correspond to the pathways passing through the less stable intermediates (two with three repeats folded, including a terminal one). We illustrate this in Fig. 5d . Figure 5c shows a similar pattern as in the freeenergy landscape described by Mello and Barrick, where the fully folded state and the fully unfolded state are free-energy minima, the states with only one folded repeat have the highest (most unfavorable) free energy and the other states have a free energy that decreases roughly linearly with the number of folded repeats. 11 In this work, using fullconsensus designed proteins with identical internal repeats, we have, however, removed most of the heterogeneity present in the study of Mello and Barrick.
11 As a consequence, we have a large degree of degeneracy due to the presence of many states with the same free energy.
Comparison to the folding of other proteins
Comparing the rates with the natural AR proteins p16 and p19, 6, 9 our DARPins fold with faster rates and unfold much more slowly at 20°C.
Rates for another class of consensus repeat proteins have been measured for tetratricopeptide repeat (TPR) 27 and a hybrid ankyrin construct 25 consisting of natural and consensus ARs. Our result-unfolding rates slowing with the number of repeats -is in agreement with the kinetic study of Main et al. 27 In their study, the unfolding rate decreased by a factor of 36 when comparing the tworepeat CTPR2 with the three-repeat construct CTPR3 (0.35 s − 1 and 0.01 s − 1 for the two-repeat and threerepeat constructs, respectively), 27 per repeat was obtained, while our DARPins gained 11 kcal mol − 1 in stability per additional repeat (see Fig. 6 ). This illustrates why adding ARs decreases the unfolding rate much more than the addition of TPR.
A theoretical study by Plaxco et al. has suggested that there may be a linear correlation between the folding rate and the topology [expressed as relative contact order (RCO), the contact order normalized by the length of the protein] of small single-domain proteins exhibiting two-state kinetics. 32 Proteins with low RCO (i.e., containing mainly residues interacting with other residues that are close in sequence distance) fold very fast. Proteins with high RCO fold more slowly. In repeat proteins, which exclusively exhibit local interactions, the RCO does not change with increasing repeat number, and thus no change in the folding rate would be expected either. The folding rates ‡ predicted from this model of NI 1 Table 4 ). Although the predicted folding rate is 10 4 times faster than the experimentally observed rates and is thus not in good quantitative agreement, it is interesting to see that the folding rates of all three proteins are very similar to each other, consistent with the model.
The Ising model suggests that folding and unfolding occur along multiple pathways following a nucleation-condensation mechanism, where multiple nucleation sites are possible. The fitting of the data to the model also suggested a possible size for the nucleation site (one consensus repeat for DARPins) and supports the emergence of stable partially folded intermediate states at high GdnHCl concentration.
Conclusions
Our study revealed two major insights: even though many AR proteins show two-state behavior in equilibrium studies, all kinetic studies performed with AR proteins to date have proven that the folding mechanism is more complex, with at least one intermediate state. In addition, our generalized full-consensus DARPin series confirms these findings. Second, the stability of the repeat proteins, characterized by short-range interactions and low contact order, is determined by the unfolding rates. With increasing repeat number, the unfolding rates decrease moderately in TPR proteins, but enormously for our stable consensus DARPins. This behavior can be rationalized, following the Ising model, by considering the folding process as a nucleation process where the formation of a small assembly of repeats (probably one single consensus repeat in the DARPins) triggers the whole folding cascade. The reverse process (i.e., unfolding), on the other hand, requires the progressive disruption of all the "condensed" folded repeats and is thus dependent on protein length.
Materials and Methods
Design and synthesis of DNA-encoding AR proteins Oligonucleotides were obtained from Microsynth (Balgach, Switzerland), following the assembly strategy described previously: The full-consensus AR was generated by assembly PCR using the oligonucleotides PRO1, PRO2, PRO3, PRO4 and INT5, and Vent® polymerase (5 min at 95°C; followed by 25 cycles of 30 s at 95°C, 1 min at 50°C and 30 s at 72°C; followed by 5 min at 72°C; standard Vent® polymerase buffer with a final concentration of 3.5 mM MgSO 4 ). The PCR product was cloned via BamHI/ HindIII into pPANK, 18 a pQE30 (QIAgen, Germany) derivative lacking the BbsI and BsaI sites, and sequenced using standard techniques. The resulting plasmid was termed pPRO.
Using the plasmids pPRO, pEWT (a pPANK derivative containing the N-terminal capping AR) and pWTC (a pPANK derivative containing the C-terminal capping AR), the DNA encoding the six AR proteins was generated by a ligation procedure using the type IIs restriction enzymes BpiI and BsaI, as described previously. 18 
Protein expression and purification
The repeat proteins NI 1 C-NI 6 C were expressed as follows: 50 ml of overnight cultures of E. coli XL1-Blue (LB medium, 1% glucose and 100 mg/l ampicillin; 37°C) was used to inoculate 1-l cultures (LB medium, 1% glucose and 50 mg/l ampicillin; 37°C). At OD 600 = 0.7, the cultures were induced with 500 μM IPTG, and incubation was continued for 4 h. The cultures were harvested by centrifugation at 3300g for 10 min at 4°C, and the resulting pellets were resuspended in 40 ml of 50 mM Tris-HCl (pH 8) and 500 mM NaCl. The cells were lysed using a French press, and the lysate was centrifuged again at 8000g for 15 min at 4°C, and glycerol (final concentration, 10%) and imidazole (final concentration, 20 mM) were added to the resulting supernatant. The proteins were purified over a Ni-NTA column (column volume, 3.8 ml) in accordance with the manufacturer's instructions (QIAgen). The protein was then dialyzed overnight against 50 mM sodium phosphate buffer (pH 7.4) and 150 mM NaCl (PBS 150 ). Purity was checked with 15% SDS-PAGE, the monomeric state was verified by gel filtration combined with multiangle light scattering (miniDAWN, Wyatt, Germany; Astra software) and the correct molecular mass was verified by mass spectrometry.
CD spectroscopy
The CD signal at 222 nm was recorded on a Jasco J-715 instrument (Jasco, Japan) equipped with a computercontrolled water bath, using a cylindrical quartz cell of 1 mm pathlength. To measure denaturant-induced equilibrium unfolding, CD data were collected at 222 nm (measurement intervals, 5 s), 2-nm bandwidth and 4-s response time, and each data point was averaged over 2 min. Thermal unfolding was recorded by continuous heating with a temperature gradient of 0.5°C min − 1 from 15°C to 95°C. CD data were collected at 222 nm (measurement intervals, 5 s), 2-nm bandwidth and 4-s response time. Reversibility was determined from the recovery of ellipticity after cooling.
All CD experiments were performed in PBS 150 using 10 μM purified protein, and a baseline correction was made with the buffer. The CD signal was converted to mean residue ellipticity (Θ MRW ) using the concentration of the sample determined spectrophotometrically at 280 nm.
Fluorescence spectroscopy
Tyrosine fluorescence was measured by excitation at 274 nm and by recording the emission spectra from 290 nm to 350 nm using a PTI Alpha Scan spectrofluorimeter (Photon Technologies, Inc.). Slid widths of 5 nm were used for both excitation and emission. Samples were prepared as for the CD measurements. After buffer correction, the intensity of the emission maximum at 306 nm was plotted against denaturant concentration.
Equilibrium unfolding
The transitions were monitored using both the CD signal and tyrosine fluorescence. For measuring denaturant-induced equilibrium unfolding curves, the samples were equilibrated overnight at the corresponding GdnHCl concentrations at 20°C. The GdnHCl concentrations were determined by refractive index.
The data were fitted by assuming both classical cooperative folding models and an Ising model (see below). Where indicated, a two-state model 33 was used according to Eq. (1): , and f U and f N are unfolded and native fractions, respectively, defined as:
where
is the equilibrium constant of denaturation. Where indicated, a sequential three-state model 34, 35 for equilibrium denaturation was used according to Eqs. (3)-(9):
where U, I and N represent the unfolded, intermediate and native states of the protein, and f and S are the fractional population and spectroscopic signals of the states indicated by the subscripts, respectively. Both ln (K IN ) and ln (K UI ) are assumed to be linearly dependent on [D] . Data were fitted using ProFit (Quantum Soft, Switzerland).
Kinetic folding and unfolding
Kinetic experiments were performed with a PiStar-180 stopped-flow instrument (Applied Photophysics, UK). The CD signal was monitored at 225 nm, and tyrosine fluorescence changes were monitored with a 295-nm cutoff filter. For NI 3 C, an optical pathlength of 2 mm was used, and the final concentration was 18 μM. NI 1 C and NI 2 C were measured with a 10-mm pathlength, and the final protein concentrations were 4-5 μM. All refolding and unfolding reactions were measured in PBS 150 at 20°C. Refolding experiments were performed as follows: the protein NI 1 C was denatured in 2.5 M, the protein NI 2 C was denatured in 5.5 M and the protein NI 3 Reactions with a half-life longer than about 12 s were mixed manually.
Ten to 25 kinetic traces were averaged for each GdnHCl concentration and fitted to either a single exponential function or a double exponential function according to Eqs. (10) and (11) 
and the refolding and unfolding rates are defined according to Eqs. (16) and (17):
For all k ij , the relation ln k ij = ln k ij 0 + m ij [D] was assumed, where k ij represents the denaturant-dependent rate constant, k ij 0 is the rate constant in the absence of denaturant and m ij is the denaturant dependence of ln k ij .
For NI 1 C, a three-state model with a metastable highenergy intermediate was used, 29 as all measured kinetics were monoexponential. For NI 2 C, the single observed refolding phase and both unfolding phases were simultaneously fitted to Eq. (13) using ProFit. For NI 3 C, the folding and unfolding rate constants were determined by fitting the denaturant dependencies of the single refolding phase and the slowest unfolding phase, using the relation ln k ij = ln k ij 0 + m ij [D] .
Ising model for the folding and unfolding of NI x C
As an alternative to cooperative folding models (see above), an Ising-like model was used to study the dependence of the stability of the consensus DARPins NI x C on denaturant concentration. According to this model, each repeat of the protein is considered as an independent folding unit with a free energy of unfolding that depends linearly on the denaturant concentration [D] . Adjacent folded repeats interact by a stabilizing potential, whose magnitude is independent of [D] but requires that both repeats be folded.
The effective free energy of a configuration of the repeat protein ΔG conf , where some of the repeats may be folded and some may not, can be written according to Eq. (18):
where s i is a variable that describes the state of the ith repeat 
The parameters of the model have been determined by fitting the denaturant-induced equilibrium denaturation data of proteins NI 1 C, NI 2 C and NI 3 C, which were obtained at room temperature and monitored by CD. Equation (21) was used to fit the observed CD signal:
Note that, in Eq. (21), f L refers to the fraction of folded repeats, while in Eqs. (1) and (9) , f N refers to the fraction of folded whole molecules. The baselines of the CD signal for the folded and unfolded states have been considered as independent of [D] where possible (i.e., to have a slope of zero), in order to keep the number of free parameters as low as possible. In the case of NI 1 C and NI 2 C, the very long posttransition baseline had to be considered as linearly dependent on [D] because the approximation of a slope of zero was clearly not suitable. Different baselines were allowed for the different protein constructs. The least-squares fit has been obtained using the LevenbergMarquardt algorithm, where both the parameters of the model and the coefficients of the baselines were allowed to vary.
